1) Introduction
Coupled sea ice-ocean models are used to simulate the large-scale sea-ice conditions and ocean processes in the Arctic. Primarily, the models were formulated for the realistic simulation of the large-scale features of the Arctic ice-ocean system (Wang et al. 2003; Johnson et al. 2007; Martin & Gerdes 2007) . The simulation of smaller-scale features like polynyas is not the main focus of these models. However, polynyas have a great impact on properties such as sea-ice concentration, ice growth and ice thickness as well as water-mass modification and atmospheric circulation patterns (Morales Maqueda et al. 2004; Ebner et al., this issue). The polynyas in the Laptev Sea ( Fig. 1) are areas of particular interest, since a considerable fraction of the sea-ice production on Arctic shelf areas is estimated to take place in these polynyas (Dethleff et al. 1998) . The realistic simulation of polynya events is a great challenge for current sea ice-ocean models. An accurate simulation of the polynya position, as well as shape and size is needed for a realistic calculation of ice production in coupled sea iceocean models. The evaluation of simulated sea-ice concentrations using satellite data is therefore an important step for quantifying the strengths and the weaknesses of the models.
For the evaluation we use sea-ice concentrations calculated by the Arctic Radiation and Turbulence Interaction Study Sea-Ice (ASI) algorithm from Advanced Microwave Scanning Radiometer (AMSR-E) brightness temperatures (Kaleschke et al. 2001; Spreen et al. 2008 ). In addition, the Polynya Signature Simulation Method (PSSM) is applied to classify thick ice, 
FESOM
For the simulation of sea-ice concentrations, we also use the sea-ice component of the Finite Element Sea-ice -Ocean Model FESOM (Timmermann et al., 2009 ). While the model thermodynamics are very similar to those of NAOSIM, FESOM uses an elastic-viscousplastic rheology (Hunke & Dukowicz 1997) Starting from a climatological sea-ice distribution, the model is run over several decades forced with a combination of daily NCEP reanalysis data for 2 m air temperature and 10 m wind, monthly mean humidity from European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis and climatological fields for precipitation and cloud cover. The time step is 2 hours. A second series of simulations is performed with a regional, high-resolution (1/20 °, approximately 5 km) configuration that covers only the Laptev Sea (see Fig. 6b ).
Starting from an initial sea-ice distribution derived from AMSR-E sea-ice concentrations (daily mean of 1 April 2008) and an initial ice thickness of 1 m with a snow layer of 5 cm, we force the model with data from the Global Model of the German Weather Service (GME) (Majewski et al., 2002) 
Retrieval of landfast-ice extent and area
Landfast ice is defined as sea ice that is attached to a shore and does not move with ocean currents or winds. Arctic shelves are covered by landfast ice during a large part of the year. In the Laptev Sea landfast ice shows seasonal variability. It begins to form along the coast in
October and reaches its maximum extent in April. The position of the landfast-ice edge then coincides roughly with the position of the 25 m isobaths (see Fig. 2 ). The break-up of the landfast ice starts at the end of May (Bareiss 2003; Bareiss & Görgen 2005) .
Currently sea-ice models are not able to simulate the formation of landfast ice (Wang 2003; König Beatty & Holland 2009 ). Bathymetry and coastline geometry have already been integrated in sea-ice models but the shear coefficients typically used are too small for the landfast ice to remain fixed to the coast during offshore wind conditions (König Beatty & Holland 2009 ). The Laptev Sea flaw polynya in the simulations is therefore not produced along the landfast-ice edge but shifted towards the coast. The dislocation of the polynya entails a bias in sea-ice concentration, ice growth, ice thickness, and ocean winter temperature and salinity distribution (Wang et al. 2003 , Rozman 2009 ).
To overcome these deficiencies, König Beatty & Holland (2009) developed a simple landfastsea-ice model by adding the tensile strength to commonly used viscous-plastic and elasticviscous-plastic sea-ice rheologies. The model runs with the modified rheologies are able to simulate landfast-ice features. However, the landfast ice breaks up very near to the coast. In reality, the landfast-ice edge is much farther away from the coast. Initial work to add tensile strength to rheology in a finite element model was presented by Lietaer et al. (2003) Fig. 2 ) is classified as immobile landfast ice if the mean ice thickness exceeds one-tenth of the water depth. In terms of model numerics, the respective grid cell is omitted from the grid drift calculations. In summer months landfast ice is reconverted to drift ice to prevent unrealistic ice accumulation in the coastal regions. This simple approach was shown to work well when compared with observations along the Siberian coast (Lieser, 2004) .
Using a relation between bathymetry and ice thickness as an indicator for fast ice is only sufficient for models with a coarse spatial resolution as described in Lieser (2004) . In general, the landfast-ice edge follows the 20 -30 m isobath depending on time and region (Barber and Hanesiak 2004; Bareiss & Görgen 2005; Mahoney et al. 2007 ). However, in some regions the landfast-ice edge can also extend over much deeper water, for example between the islands of the Canadian Archipelago and on the Russian continental shelves (König Beatty 2007; Mahoney et al. 2007 ). The results of these studies show that the use of bathymetry for defining the landfast-ice edge is only a simplification. Landfast ice generally forms in shallow water but there are also many exceptions (see Fig. 2 ). Hence, the bathymetry is not sufficient to describe accurately the extent of landfast ice in any study that uses a model with a much more detailed spatial resolution and aims at a faithful-in-time reproduction of local processes.
For a realistic coverage of seasonal variability and the extent of the landfast ice we extract the landfast-ice edge position from available high-resolution observed data (Wang et al. 2003 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y and warmer drifting ice. A dynamic ice surface temperature threshold separating landfast ice from drifting ice is defined for each selected MODIS scene. Figure 2 shows the temporal variability of the landfast ice in the Laptev Sea from December to April. As with Lieser (2004), we set drift velocities within the landfast-ice area to zero and the sea-ice momentum balance remains unresolved (Rozman 2009 ). In June the landfast ice is allowed to drift (Bareiss 2003; Bareiss & Görgen 2005) .
Sea-ice concentrations from model data
In this study we use five different sea-ice concentration model data sets obtained from the two 
2010).

Evaluation variables
We divide the Laptev Sea into different polynya areas according to Bareiss & Görgen (2005) ( Fig. 2) . From north-west to south-east they are named North-eastern Taimyr polynya (NET), Taimyr polynya (T), Anabar-Lena polynya (AL) and Western New Siberian polynya (WNS).
WNS and AL polynya represent the eastern Laptev Sea; T and NET represent the western Laptev Sea. We also use a polynya mask as the sum of all other regions of interest (LAP).
We calculate the open water area as follows: for each pixel in the region of interest the fraction of open water is determined, multiplied by the pixel area (6.25 × 6.25 km 2 ) and summarized for the entire subset. 
3) Results
Open water area 
In contrast to the simulations without landfast-ice implementation, FESOM-FI open water
area is largely consistent with AMSR-E data. Only during the polynya opening around the 8 In autumn, from end of September to mid of November, during the freezing over of the Laptev Sea, we find a pronounced overestimation of open water area in the simulations (see Figure 4 for the WNS and NET polynyas.
The WNS and NET polynyas can be regarded as representative of the eastern and western Laptev Sea, respectively. The polynya areas calculated from the two satellite methods (PSSM and sea-ice concentration threshold) are very consistent. The correlation is around 0.99 (Tab. 3a) . Mean values and standard deviations are very similar for both satellite products.
In the eastern Laptev Sea (WNS), the simulated polynya area in NAOSIM is very small over the entire period when compared with AMSR-E and PSSM data (Fig 4a) . Mean and standard deviation of NAOSIM polynya areas are smaller by a factor of two compared with satellitederived polynya area (Tab. 3b). In the western Laptev Sea (NET), the NAOSIM polynya area is larger compared with AMSR-E and PSSM from November to February. There is no correlation between NAOSIM and AMSR-E polynya area (WNS: r = 0.07; NET: r=-0.02) in the two regions of interest.
For NAOSIM with landfast ice, the polynya size is larger in comparison with NAOSIM.
However, in comparison with the observed data sets, the NAOSIM-FI polynya area is overestimated. The date of the openings does not always coincide with satellite-derived polynya area (e.g. polynya events in March). There is also no correlation in comparison with AMSR-E polynya area.
The coarse resolution FESOM simulation shows no polynya after 15 November (day 319) in the WNS polynya (Fig. 4c) . Accordingly, there is no correlation between FESOM-CR and AMSR-E polynya area (Tab. 3c). The mean and standard deviation of the FESOM-CR polynya area in WNS is strongly influenced by the values in the beginning of November. In the western Laptev Sea (NET) polynya activity is better represented by FESOM-CR polynya area. In the first half of the winter the FESOM-CR polynya area is overestimated while in the second half we find good agreement with AMSR-E and PSSM data.
Regarding the period from 1 April to 11 May, no polynya occurs in the eastern Laptev Sea (WNS). In the western Laptev (NET), the correlation between FESOM-CR and AMSR-E is high (r = 0.79) as well as mean and standard deviation are similar.
Increasing the spatial resolution and reducing the diffusivity in the FESOM model causes polynya activity in the WNS polynya. However, FESOM-HR polynya area is underestimated in both polynya regions. The correlation is moderate.
The implementation of landfast ice leads to an increase of polynya area in both polynya regions. The FESOM-FI polynya area is roughly consistent with AMSR-E data in both parts 
Case study
In the following, we consider the major polynya event that occurred in the eastern Laptev Sea with duration of several days at the end of April (days 118 -126) in more detail. For this event the daily average sea-ice distributions of NAOSIM, NAOSIM-FI, FESOM-CR, FESOM-HR and FESOM-FI at 29 April (day 120) are shown in Figures 5 and 6 as an example. Regarding NAOSIM and NAOSIM-FI sea-ice concentrations, polynya areas are visible in both maps. However, there is a striking difference between the NAOSIM and NAOSIM-FI sea-ice fields. The polynya in NAOSIM sea-ice concentrations is positioned along the coastline. In NAOSIM-FI sea-ice fields, it is located at the edge of the landfast-ice In contrast, FESOM-CR simulations without landfast ice yield no WNS polynya area but a very homogenous ice coverage with some thinning in the eastern Laptev Sea (Fig. 6a) . There, the ice concentration reaches 79 %. Examination of the FESOM-CR simulations during the winter season shows that well-formed polynyas are not visible over the entire period (see Fig.   4b ). Instead, FESOM-CR simulations feature a sea-ice concentration reduced by between 60 -80 % over a larger area in the polynya regions during the events.
The high resolution model FESOM-HR simulates coastal polynyas with open water areas along the coastline and increasing ice coverage within the polynya going farther offshore (Fig.   6b ).
With landfast ice, FESOM-FI ice concentrations show better results. Distinctive polynyas are simulated ( Fig. 6c ) and the comparison with AMSR-E sea-ice fields shows a large degree of consistency with the polynya location but also a small shift towards the coastline as seen in the difference plot (Fig. 6f) . FESOM-HR is an exception because the polynyas are simulated at the wrong position with a high ice-concentration gradient within the polynyas. In regions (e.g. NET or WNS) where in reality the polynyas are located near to the coast of the mainland or an island due to a small landfast-ice area, the agreement with AMSR-E is better as in regions with a large landfast-ice extension (e.g. AL).
For simulations that include landfast ice, the polynyas are simulated at the correct positions.
However, the examination of the NAOSIM-FI open water area shows that in some cases the overestimation is higher compared with the NAOSIM open water areas (Fig. 3a) . This results from the still continuing overestimation of the open water area plus the now realistically located polynya.
4) Discussion
The intercomparison of polynya areas from satellite data using two different algorithms shows a very strong correlation between the two data sets. Despite the facts that sea-ice concentration errors can be up to 10 % (at lower concentrations even higher) (Andersen et al. 2007; Spreen et al. 2008) , and that the PSSM has a slight tendency to underestimate polynya A previous comparison of NAOSIM sea-ice concentrations with passive microwave satellite products from Kauker et al. (2003) shows the general agreement of both data sets on a large scale in terms of the long-term mean state and the interseasonal variability of the simulated sea-ice concentrations. This is supported by Wang et al. (2003) who demonstrated that current sea-ice ocean models put more emphasis on the representation of large-scale sea-ice extent and concentration in the Arctic and Antarctic. Consequently, the distribution of sea-ice concentration is very smooth with only gentle gradients in the NAOSIM and FESOM simulations that have a coarse spatial resolution and excluded fast-ice. This effect is particularly visible in the FESOM-CR simulations, which are even more coarse-scale than the NAOSIM runs.
While it seems appropriate to match the large-scale sea-ice distribution, it also leads to a blurring of the polynya signature (Wang et al. 2003) , so that the simulated sea-ice concentration is too high at the polynya location and too low in the drift-ice and landfast-ice areas. The spatial smoothing of the sea-ice concentration could also induce a smoothing in time which would explain the overestimated duration of the polynya activity. AMSR-E data show zero or very low sea-ice concentrations at the fast-ice edge, going farther offshore the sea-ice concentrations increase (Fig. 5a ). This graduated distribution is not reproduced by NAOSIM, NAOSIM-FI and FESOM-CR simulations. Rather, the sea-ice concentrations are homogenously distributed within the polynya at medium concentrations.
The minima of ice concentrations are not shown (Fig. 5 and Fig. 6 ). This implies that the Fig. 7 ). The narrow elongated shape of the leads may result from the utilized ice rheology (Rozman 2009 ). Additionally, a coarse horizontal resolution has an impact on the underestimation of the ice concentration. Polynyas are subgrid scale phenomena for coarse-resolution models. To mimic the effect of polynyas, the model simulates low concentrations in a broader area. Furthermore, the daily wind forcing data (i.e. temporally smoothed wind fields) cannot resolve short-term events which may be crucial for a realistic description of polynya formation.
In NAOSIM-FI the overestimation of open water is even larger due to the coarse resolution of the model, the smoothed forcing data and the spurious leads plus the now realistically located polynya area. Concluding the analysis of the model-versions without fast-ice prescription in terms of polynyas (small-scale features), we see that the models are able to reduce the sea-ice concentrations during polynya events but mostly overestimate the fraction of open water in the polynya regions (Fig. 3) . Regarding the sea-ice fields ( Fig.5 and Fig. 6 ) the reason for the reduction of ice concentrations becomes clear. As mentioned above, the smoothing of the concentration and the coarse spatial resolution are important for this effect, not the simulation of realistic polynyas (Fig 4) . When polynyas are simulated they are not located in the expected regions. As well, the improved model run FESOM-HR is not able to resolve this problem. At this point, it becomes obvious that fast ice has to be included. Sea-ice models are The improvement of the model results due to implementation of landfast ice can be clearly seen in the sea-ice fields of both models ( Fig. 5d and Fig. 6f ). NAOSIM-FI and FESOM-FI sea-ice concentrations show correctly simulated polynyas along the edge of landfast ice. The small displacement of the polynya between AMSR-E and NAOSIM-FI / FESOM-FI data could result from the difference between the two remote sensing data sets. For the fast-ice edge we used the high resolved MODIS data (1km spatial resolution) and for the comparison we used the daily available but coarser resolved AMSR-E data (6.25 km spatial resolution).
The introduction of landfast ice has a more pronounced effect in the eastern part of the Laptev Sea due to the greater extent of landfast ice in this region. In the western part of the Laptev Sea, along the Taimyr Peninsula, the extent of the landfast ice is only 10 to 20 km due to the very steep slope of the seafloor reported by Reimnitz et al. (1995) . In particular, FESOM-CR open water area is seriously overestimated in the western Laptev Sea in comparison with the eastern Laptev Sea. This means that in FESOM (the same is valid for NAOSIM) the polynyas are correctly positioned in the western Laptev Sea also when no landfast ice is involved.
Besides the realistic location of the polynya, the graduated sea-ice distribution within the polynya, which is simulated by FESOM-HR, is retained in FESOM-FI.
In following studies, other parameterisations and numerics should be adapted to allow a better representation of local, small-scale processes. NAOSIM needs to be improved with respect to horizontal resolution of the model grid and the forcing data. Regarding the FESOM-FI, the use of high-resolution wind fields in space and time together with an optimized scheme for advection and diffusion is expected to further improve the simulation of local sea-ice conditions. Further NAOSIM developments will include a higher temporal resolution of the wind fields, for example from daily to 6-hourly resolution, with the aim of improving the simulation of ice concentrations.
As mentioned above, the turbulence closure scheme and momentum fluxes could be optimized in FESOM and NAOSIM to minimize the errors which appear due to fine resolution.
5) Summary and Conclusions
In this study we evaluate the simulated sea-ice concentrations from five different model 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Therefore we suggest the following improvements for NAOSIM on a regional scale:
-increase of the spatial resolution of the model.
-usage of finer spatially and temporally resolved forcing data.
-optimization of the diffusion and advection scheme.
For NAOSIM and FESOM on a regional scale we propose:
-improvement of the turbulence closure scheme (e.g. stability-dependent transfer coefficient).
-optimization of momentum fluxes (transfer coefficient and wind forcing).
In terms of landfast ice, the optimum solution would be the reproduction of landfast ice by the model itself as part of its own dynamics.
We conclude that further improvements of all model components -parameterizations as well as numerics -have to be reconsidered if the model simulations in polynya regions are to be further improved.
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